T reg cells are indispensable in preventing autoimmune disease and establishing self-tolerance 1 . The activation states and functional capacities of T reg cells are dynamically programmed by environmental signals 2 . T reg cells emerge from the thymus as quiescent CD44 lo CD62L hi central T reg (cT reg ) cells 3 . In response to environmental cues in the periphery, a fraction of T reg cells are continuously activated and converted into CD44 hi CD62L lo effector T reg (eT reg ) cells under steady state 3, 4 . After an inflammatory challenge, T reg cells potently upregulate their suppressive activity and contribute to the regulation of inflammatory responses induced by autoimmunity, tumor and other stimuli 5 . Thus, the activation states and functional capacities of T reg cells are dynamically programmed by environmental signals. As for cell-intrinsic pathways, continued expression of Foxp3 is required to reinforce T reg cell functional integrity 1 . Although Foxp3 expression is stable in vivo 6 , T reg cells can lose Foxp3 expression and acquire effector function in certain inflammatory conditions 7-10 , which suggests that activating environments can destabilize Foxp3 expression. Aside from lineage stability, maintenance of the antiapoptotic program also contributes to the functional integrity of T reg cells in maintaining immune tolerance 11 .
T reg cells are indispensable in preventing autoimmune disease and establishing self-tolerance 1 . The activation states and functional capacities of T reg cells are dynamically programmed by environmental signals 2 . T reg cells emerge from the thymus as quiescent CD44 lo CD62L hi central T reg (cT reg ) cells 3 . In response to environmental cues in the periphery, a fraction of T reg cells are continuously activated and converted into CD44 hi CD62L lo effector T reg (eT reg ) cells under steady state 3, 4 . After an inflammatory challenge, T reg cells potently upregulate their suppressive activity and contribute to the regulation of inflammatory responses induced by autoimmunity, tumor and other stimuli 5 . Thus, the activation states and functional capacities of T reg cells are dynamically programmed by environmental signals. As for cell-intrinsic pathways, continued expression of Foxp3 is required to reinforce T reg cell functional integrity 1 . Although Foxp3 expression is stable in vivo 6 , T reg cells can lose Foxp3 expression and acquire effector function in certain inflammatory conditions [7] [8] [9] [10] , which suggests that activating environments can destabilize Foxp3 expression. Aside from lineage stability, maintenance of the antiapoptotic program also contributes to the functional integrity of T reg cells in maintaining immune tolerance 11 .
Macroautophagy (here referred to as autophagy) is an evolutionarily conserved self-digestive process that targets intracellular substrates for lysosomal degradation and recycling in response to stress and other environmental signals [12] [13] [14] . Autophagy has important, contextdependent roles in T cell-mediated immune responses. For example, autophagy is required for survival and T cell antigen receptor (TCR)-induced proliferation of T cells 15 . In contrast, activated CD8 + cells deficient in autophagy show normal proliferation and effector function but impaired memory cell formation 16 . Autophagy is induced after TCR and cytokine stimulation 15, 17, 18 , but autophagy is downregulated in virus-specific CD8 + T cells during clonal expansion and reactivated when they stop dividing 16 . These studies highlight dynamic and signal-dependent function and regulation of autophagy.
We report here that autophagy is actively regulated in T reg cells and serves as a central signal-dependent controller of T reg cells by restraining excessive apoptotic and metabolic activities. We found that T reg cell-specific loss of Atg7 or Atg5 was sufficient to break selftolerance while facilitating tumor clearance. Atg7-deficient T reg cells showed impaired lineage stability and increased apoptosis, which compromised their functional integrity. Although autophagy promotes energy balance 14, 17, 19 , we found that T reg cells deficient in autophagy showed increased mTORC1 activity, c-Myc expression and glycolytic metabolism characteristic of anabolic upregulation 20 . Inhibition of mTORC1 or c-Myc in Atg7-deficient T reg cells partly restored T reg cell stability and metabolic homeostasis. These results establish a crucial role for autophagy in establishing T reg cell-mediated immune tolerance through coordination of immune signals and metabolic homeostasis to protect the functional integrity of T reg cells.
RESULTS

Autophagy is functionally active in T reg cells
To investigate regulation of autophagy in T reg cells, we quantified autophagosomes in peripheral T reg cells and naive CD4 + cells using 2 7 8 VOLUME 17 NUMBER 3 MARCH 2016 nature immunology A r t i c l e s transgenic mice expressing GFP fused to LC3 (GFP-LC3), which labels autophagic membranes 21 . T reg cells had significantly more cells with GFP-LC3 + puncta than did naive CD4 + cells (Fig. 1a) , which indicates a higher number of autophagosomes in T reg cells. In immunoblot analysis of lipidated LC3 (LC3-II), another marker of autophagic membranes [12] [13] [14] , T reg cells had higher amounts of LC3-II than naive CD4 + cells (Supplementary Fig. 1a) . Treatment of cells with bafilomycin A1 (Baf1A), which blocks lysosome-mediated degradation of autophagosomes, increased the amount of LC3-II in both T reg cells and naive CD4 + cells, but T reg cells still had higher amounts of LC3-II than naive CD4 + cells (Supplementary Fig. 1a) . Therefore, T reg cells have higher autophagy activity than naive CD4 + cells, which indicates a possible role for autophagy in T reg cells.
To test this hypothesis, we crossed mice carrying loxP-flanked Atg7 (Atg7 fl/fl ) with mice expressing a YFP-Cre fusion from the Foxp3 locus (Foxp3 Cre ) to generate Foxp3 Cre Atg7 fl/fl mice, in which Atg7 is deleted from T reg cells. Autophagy was abrogated in T reg cells lacking Atg7 (here referred to as Atg7-deficient), as indicated by the absence of LC3-II (Supplementary Fig. 1a ). To determine whether T reg cells require autophagy to suppress antitumor immune responses, we inoculated Foxp3 Cre Atg7 fl/fl mice with MC38 colon adenocarcinoma cells. Tumor growth was severely inhibited in Foxp3 Cre Atg7 fl/fl mice, which suggests that Atg7-deficient T reg cells was not able to inhibit the antitumor immune response (Fig. 1b) Fig. 1b ) and high expression of interferon-γ (IFN-γ) in effector CD4 + and CD8 + T cells, compared to Foxp3 Cre Atg7 +/fl mice (Fig. 1c) . However, Foxp3 Cre Atg7 fl/fl mice showed a profound loss of T reg cells at the tumor site (Fig. 1d) . These results identify a crucial role for Atg7 in the ability of T reg cells to suppress antitumor immune responses.
T reg deletion of Atg7 or Atg5 alters immune homeostasis The indispensable role of Atg7 in maintaining T reg cells in a pathological condition prompted us to determine the requirement of autophagy in T reg cells in maintaining self-tolerance under homeostatic conditions. Foxp3 Cre Atg7 fl/fl mice at 10-12 weeks of age developed lymphoid hyperplasia with increased cellularity of the spleen and peripheral lymph nodes (PLNs) ( Fig. 1e and Supplementary  Fig. 1c ). Foxp3 Cre Atg7 fl/fl mice contained a higher proportion of the effector or memory population (CD44 hi CD62L lo ) in the CD4 + and CD8 + compartments than did Foxp3 Cre Atg7 +/fl controls (Fig. 1f) . Moreover, CD44 hi cells from Foxp3 Cre Atg7 fl/fl mice showed higher expression of IFN-γ and interleukin 17 (IL-17) (Fig. 1g) but not IL-4 ( Supplementary Fig. 1d ). Therefore, T cells from Foxp3 Cre Atg7 fl/fl mice were spontaneously activated in vivo. Moreover, we observed severe systemic inflammatory disorders in aged Foxp3 Cre Atg7 fl/fl mice (19-23 weeks old), with infiltration of lymphocytes and myeloid cells in various organs (Fig. 1h) . Thus, Atg7 is essential for T reg cell-mediated immune homeostasis. As autoimmune disease is frequently associated with loss of T reg cells, we examined T reg cells in the lymphoid organs of Foxp3 Cre Atg7 fl/fl and Foxp3 Cre Atg7 +/fl mice. Foxp3 Cre Atg7 fl/fl mice showed significantly lower percentages of T reg cells in spleen, PLNs and mesenteric lymph nodes (MLNs) but not the thymus, whereas T reg cell numbers were largely unaltered, owing to the increase of total T cells (Fig. 1i) . A more severe reduction of T reg cells was observed in colon lamina propria, a representative site of T reg activation, even in very young (3-4 weeks) Foxp3 Cre Atg7 fl/fl mice (Supplementary Fig. 1e ). We next investigated whether T reg cell reduction in Foxp3 Cre Atg7 fl/fl mice was a cellautonomous defect. We generated mixed bone marrow (BM) chimeras by reconstituting Rag1 −/− mice with BM cells from CD45.1 + mice, mixed 1:1 with BM cells from Foxp3 Cre Atg7 +/fl or Foxp3 Cre Atg7 fl/fl CD45.2 + mice. Atg7-deficient T reg cells were underrepresented in the spleen, PLNs and MLNs but not the thymus (Supplementary Fig. 1f) , indicative of a cell-autonomous requirement of Atg7 in T reg cell maintenance.
To Fig. 1g ) that was associated with increased IFN-γ expression (Supplementary Fig. 1h ). Additionally, Foxp3 Cre Atg5 fl/fl mice showed low T reg cell percentages (Supplementary Fig. 1i ). These results establish autophagy as a central and intrinsic regulator of T reg cell maintenance and immune homeostasis.
Impaired survival and stability of Atg7-deficient T reg cells To investigate the underlying basis for the reduced cellularity of Atg7-deficient T reg cells, we first examined T reg cell proliferation. T reg cells from Foxp3 Cre Atg7 fl/fl mice contained a higher percentage of cells 
Foxp3
Cre Atg7 Fig. 2c,d ). Thus, Atg7 is dispensable for T reg cell proliferation, and the reduced T reg cellularity in the absence of Atg7 is unlikely to result from a proliferative defect.
Because peripheral T reg cell number is tightly regulated by apoptosis 11 , we next examined apoptosis of T reg cells. T reg cells from Foxp3 Cre Atg7 fl/fl mice showed greater staining of active caspase-3 than did those from Foxp3 Cre Atg7 +/fl mice (Fig. 2a) , indicative of a higher rate of apoptosis. Additionally, upon in vitro stimulation, T reg cells from Foxp3 Cre Atg7 fl/fl were impaired in survival, as indicated by the increased staining with active caspase-3 and the membraneimpermeable DNA-intercalating dye 7-AAD (Fig. 2b) , and by upregulation of Bim, which initiates T reg apoptosis 11 (Fig. 2c) . Atg7-deficient T reg cells from mixed BM chimeras also showed higher active caspase-3 and Bim expression ( Supplementary Fig. 2e,f) , indicative of a cell-autonomous requirement of Atg7 in T reg cell survival.
Lineage stability of T reg cells is crucial for their maintenance and function [7] [8] [9] [10] . Although mean fluorescence intensity (MFI) of Foxp3 was similar between Atg7-sufficient and Atg7-deficient T reg cells (data not shown), T reg cells from Foxp3 Cre Atg7 fl/fl mice showed significantly higher expression of IFN-γ under steady state (Fig. 2d) and upon tumor inoculation (Supplementary Fig. 2g ). To directly examine the role of autophagy in maintaining Foxp3 expression in activated T reg cells in vivo, we transferred Atg7-sufficient and Atg7-deficient T reg cells into Rag1 −/− mice and assessed Foxp3 expression 7-10 d after transfer. Whereas only a small proportion of Atg7-sufficient T reg cells lost Foxp3 expression after homeostatic proliferation, the majority of Atg7-deficient T reg cells were unable to maintain Foxp3 expression (Fig. 2e) . Loss of Foxp3 expression in Atg7-deficient T reg cells was associated with acquisition of production of IFN-γ and, to a lesser extent, IL-17 (Fig. 2f) . IFN-γ expression was also elevated in the residual Foxp3 + T reg cells deficient in Atg7 (Fig. 2f) . Moreover, in an in vitro system to measure stability of activated T reg cells 22, 23 , Atg7-deficient T reg cells showed much lower Foxp3 (Fig. 2g) and higher IFN-γ expression (Supplementary Fig. 2h) . Collectively, T reg cells lacking Atg7 show impaired Foxp3 expression but aberrant acquisition of inflammatory cytokine expression in vivo and in vitro, indicating a central role of autophagy in maintaining the stability of T reg cells.
To explore the relationship between the defects in survival and stability in Atg7-deficient T reg cells, we crossed Foxp3 Cre Atg7 fl/fl mice with mice that express a transgene encoding the antiapoptotic protein Bcl2 in lymphocytes (here referred to as Bcl2-TG mice) 24 . The excessive apoptosis observed in Foxp3 Cre Atg7 fl/fl T reg cells was reduced in Foxp3 Cre Atg7 fl/fl Bcl2-TG cells (Supplementary Fig. 2i) . However, Foxp3 Cre Atg7 fl/fl Bcl2-TG mice still showed low T reg cell percentages and spontaneously activated conventional T cells (Supplementary Fig. 2j,k) . Additionally, compared with T reg cells from control Bcl2-TG mice, those from Foxp3 Cre Atg7 fl/fl Bcl2-TG mice showed elevated expression of IFN-γ (Supplementary Fig. 2l ) and reduced Foxp3 expression after in vitro culture ( Supplementary  Fig. 2m) . Therefore, survival and stability defects of Atg7-deficient T reg cells represent two discrete effects induced by loss of autophagy.
Atg7 restricts TCR-dependent mTORC1 signaling
To explore the biochemical basis of Atg7 function, we conducted functional genomics studies and found that phosphatidylinositol-3-OH kinase (PI(3)K) p110δ signaling, was enhanced in Foxp3 Cre Atg7 fl/fl T reg cells (data not shown). Further, Foxp3 Cre Atg7 fl/fl T reg cells showed increases in cell size and CD71 and CD98 expression (Fig. 3a) , all of which are dependent on mTORC1 signaling 25 . Indeed, flow cytometry analysis showed increased phosphorylation of ribosomal protein S6 in T reg cells from Foxp3 Cre Atg7 fl/fl mice, indicative of mTORC1 activation (Fig. 3a) . After stimulation with anti-CD3 and anti-CD28, Atg7-deficient cells showed pronounced upregulation of phosphorylation of S6 and translation-initiation inhibitor 4EBP1, as compared with Atg7-sufficient T reg cells (Fig. 3b) . Furthermore, Atg5-deficient T reg cells had increased cell size, CD71 and CD98 expression and S6 phosphorylation (Supplementary Fig. 3a) . Therefore, autophagy is essential for restraining mTORC1 activity in T reg cells. Signals from TCR, CD28 costimulation and IL-2 elicit mTORC1 activity 26 . To investigate the involvements of upstream inputs for mTORC1 regulation, we activated T reg cells with different stimuli and measured S6 phosphorylation. Anti-CD3 stimulation resulted in hyperactivation of S6 phosphorylation in Foxp3 Cre Atg7 fl/fl T reg cells, and CD28 costimulation further boosted S6 phosphorylation in both Foxp3 Cre Atg7 +/fl and Foxp3 Cre Atg7 fl/fl T reg cells (Fig. 3c) . The kinases PI(3)K, Akt and PDK1 contribute to mTORC1 activation in response to TCR-CD28 stimulation 26 . To determine the molecular basis for TCR-CD28-induced aberrant mTORC1 activation in the absence of Atg7, we treated cells with inhibitors for PI(3)K (LY294002), Akt (AKTi-1/2) and PDK1 (PDKi). Inhibition of PI(3)K and PDK1, but not Akt, blocked excessive S6 phosphorylation in Atg7-deficient T reg cells (Fig. 3d) . Moreover, compared with Atg7-sufficient cells, Atg7-deficient T reg cells showed moderately increased expression of PDK1 and the PI(3)K components p110δ and p85 (Supplementary Fig. 3b ), whereas expression of Lck and overall phosphorylation levels of tyrosine residues (including Lck) was unaltered ( Supplementary Fig. 3b and data not shown). These results indicate that autophagy negatively regulates PI(3)K-PDK1 abundance and activation.
To determine the contribution of aberrant mTORC1 signaling to the defects in Atg7-deficient T reg cells, we treated Foxp3 Cre Atg7 fl/fl mice with rapamycin in vivo. Rapamycin treatment moderately reduced active capase-3 staining (Fig. 3e) but greatly diminished IFN-γ production in T reg cells from Foxp3 Cre Atg7 fl/fl mice (Fig. 3f) . Moreover, after adoptive transfer of Atg7-sufficient and Atg7-deficient T reg cells into Rag1 −/− mice, treatment of recipients with rapamycin largely restored Foxp3 expression in donor-derived Atg7-deficient T reg cells (Fig. 3g) . Rapamycin also restored Foxp3 expression in Atg7-deficient T reg cells in an in vitro T reg cell stability assay (Fig. 3h) . Therefore, autophagy maintains T reg cell stability, at least in part, by restraining mTORC1 signaling.
Atg7-mediated transcriptional programs rely on mTORC1
To explore autophagy-dependent transcriptional programs, we analyzed gene-expression profiles of T reg cells activated in vitro. Compared to Foxp3 Cre Atg7 +/fl cells, Foxp3 Cre Atg7 fl/fl T reg cells showed upregulation of 360 probes and downregulation of 398 probes (log 2 (fold change) > 0.5) (Fig. 4a) . To identify key networks regulated by autophagy in activated T reg cells, we did gene-set enrichment analysis (GSEA) 27 . Consistent with our finding that Atg7-deficient T reg cells had low survival and stability, the caspase and cytokine pathways were enriched in these cells (Fig. 4b,c) . Furthermore, the helper T cell differentiation pathway was identified to be the most enriched canonical pathway in Atg7-deficient T reg cells by ingenuity pathway analysis (IPA) of the differentially expressed genes at the 0.5 log 2 (fold change) threshold (Supplementary Fig. 4a ). IPA of upstream regulation also revealed activation of PI(3)K in Atg7-deficient T reg cells and Supplementary Fig. 4b ). These functional genomics analyses indicate a crucial role for Atg7 in restraining cytokine expression and effector programs in T reg cells.
To determine the contribution of aberrant mTORC1 to Atg7-mediated transcriptional programs, we compared gene-expression profiles of T reg cells activated in vitro from Foxp3 Cre Atg7 +/fl and Foxp3 Cre Atg7 fl/fl mice with or without prior rapamycin treatment. We partitioned Atg7-dependent targets (a total of 758 probes) into five distinct clusters on the basis of their response to rapamycin (Fig. 4d) . The majority of the targets affected by Atg7 deficiency (493 of 758 probes) fell into cluster 1, in which expression was restored to that of Atg7-sufficient cells by rapamycin. Cluster 5 contained 13 probes whose expression was partially restored by rapamycin, and cluster 2 contained 9 probes whose expression changed in the opposite direction after rapamycin treatment. Thus, ~68% (clusters 1, 2 and 5) of all Atg7 targets were rapamycin responsive (Fig. 4d,e) . In contrast, only 217 probes in cluster 4 showed the same magnitude of change (>0.5 log 2 (fold change)) in both rapamycin-treated and untreated Foxp3 Cre Atg7 fl/fl T reg cells, thus representing rapamycin nonresponsive genes. Cluster 3 contained 26 probes that were differentially expressed in treated and untreated cells but to a greater extent in rapamycin-treated Foxp3 Cre Atg7 fl/fl T reg cells. Furthermore, rapamycin considerably restored expression of genes associated with pathways altered by Atg7 deficiency described above, namely caspase and cytokine pathways (Supplementary Fig. 4c,d) . These results identify a crucial contribution of mTORC1 to autophagydependent transcriptional programs.
Atg7 restrains glycolytic metabolism in T reg cells
Differentiation of T reg cells is shaped by metabolic programs [30] [31] [32] , but how T reg stability is controlled by cellular metabolism remains unclear. The aberrant activation of mTORC1 in Atg7-deficient T reg cells prompted us to examine the involvement of metabolic programs. We measured mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), which reflect oxidative phosphorylation (OXPHOS) and glycolytic activity, respectively. After TCR-CD28 stimulation, Foxp3 Cre Atg7 +/fl and Foxp3 Cre Atg7 fl/fl T reg cells had similar OCRs (Supplementary Fig. 5a ), but Foxp3 Cre Atg7 fl/fl T reg cells had a significantly higher ECAR (Fig. 5a) . The low OCR/ECAR ratio in Atg7-deficient T reg cells indicates a 'preferential' use of glycolysis over OXPHOS (Fig. 5b) . Moreover, rapamycin treatment lowered the ECAR in Atg7-deficient T reg cells (Fig. 5c) , indicating a crucial role for mTORC1 in Atg7-dependent metabolic homeostasis. 
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Cre Atg7 fl/fl + DMSO To examine the functional importance of cellular metabolism, we treated Atg7-deficient cells with dichloroacetate (DCA) in the T reg cell stability assay; DCA shifts glycolysis toward OXPHOS by targeting pyruvate dehydrogenase kinase 30 . DCA treatment increased Foxp3 expression in Foxp3 Cre Atg7 +/fl and Foxp3 Cre Atg7 fl/fl T reg cells to similar levels (Fig. 5d) . Of note, methylation of T reg cell-specific demethylated region (TSDR, also known as CNS2), which is associated with maintenance of Foxp3 expression and T reg cell stability 23, 33 , was similar between Atg7-sufficient and Atg7-deficient T reg cells and was not affected by DCA treatment (Supplementary Fig. 5b) . Thus, autophagy-dependent metabolic regulation contributes to Foxp3 expression in a process independent of TSDR methylation.
To determine the molecular basis of the changes in glycolysis, we examined expression of hexokinase 2 (HK2), a rate-limiting enzyme in glycolysis. HK2 expression was high in Foxp3 Cre Atg7 fl/fl T reg cells (Supplementary Fig. 5c ) and was reduced considerably by rapamycin treatment (Supplementary Fig. 5d ). In contrast, although the mTORC1-hypoxia-inducible factor-α (HIF1α) pathway promotes glycolysis in IL-17-producing T helper (T H 17) cells and effector CD8 + T cells 32, 34 , HIF1α expression was not altered in Atg7-deficient T reg cells (Supplementary Fig. 5e,f) . These results suggest that Atg7 negatively controls mTORC1-dependent glycolytic metabolism in T reg cells.
c-Myc links mTORC1 to glycolysis of T reg cells c-Myc, like HIF1α, is also a crucial regulator of T cell glycolysis 35 . The c-Myc pathway was enriched in our IPA of Atg7-deficient T reg cells (data not shown). T reg cells from Foxp3 Cre Atg7 fl/fl T reg mice showed higher c-Myc expression after anti-CD3 and anti-CD28 stimulation than those from Foxp3 Cre Atg7 +/fl mice (Fig. 6a,b) . To determine whether upregulation of c-Myc in Atg7-deficient T reg cells depends on mTORC1, we examined c-Myc expression in T reg cells from Foxp3 Cre Atg7 fl/fl mice treated with rapamycin. Rapamycin treatment considerably reduced c-Myc expression in Atg7-deficient T reg cells (Fig. 6c) . Moreover, dysregulation of c-Myc-associated genes in Atg7-deficient T reg cells was rectified upon rapamycin treatment (Fig. 6d) . To further explore the role of mTORC1 in mediating c-Myc expression in Atg7-deficient T reg cells, we crossed Cd4 Cre Atg7 fl/fl mice with Rptor fl/fl mice to abolish Raptor, an essential component of mTORC1, in Atg7-deficient T reg cells. Raptor deletion strongly reduced c-Myc expression in Atg7-deficient T reg cells (Supplementary Fig. 6a ). These results indicate that Atg7 regulates c-Myc expression in T reg cells in an mTORC1-dependent manner.
The Myc locus is enriched with binding sites for bromodomaincontaining proteins that recognize acetylated lysine residues in histones 36 , and the bromodomain inhibitors JQ-1 and i-BET-762 effectively inhibit c-Myc expression and function 36, 37 . The inhibition of c-Myc expression by JQ-1 and i-BET-762 in T reg cells was confirmed by flow cytometry (data not shown). To determine the contribution of aberrant c-Myc expression to increased glycolysis in Foxp3 Cre Atg7 fl/fl T reg cells, we treated cells with JQ-1 and measured ECAR. JQ-1 treatment reduced ECAR in Foxp3 Cre Atg7 fl/fl T reg cells (Fig. 6e) . In the in vitro T reg stability assay, JQ-1 and i-BET-762 each restored Foxp3 expression in Atg7-deficient T reg cells ( Fig. 6f and Supplementary Fig. 6b) . Therefore, Atg7 maintains T reg cell stability by targeting mTORC1-c-Myc pathway. 
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To explore the role of autophagy in T reg cells with different activation states, we crossed Foxp3 Cre Atg7 fl/fl mice with mice transgenic for GFP expression driven by the Rag2 (Rag2 GFP ) promoter to label recent thymic emigrants (RTEs) with GFP 38 . In the resulting mice, GFP + peripheral T cells represent RTEs that have left the thymus within 2-3 weeks and show naive phenotypes, whereas GFP − cells are mature peripheral T cells that have encountered peripheral environment cues 3, 38 . T reg cells in Rag2 GFP Foxp3 Cre Atg7 fl/fl mice were diminished in the GFP − compartment but not in the GFP + compartment, compared with T reg cells in Rag2 GFP Foxp3 Cre Atg7 +/fl mice (Fig. 7a) . Additionally, we observed increased apoptosis of Atg7-deficient T reg cells (as determined by active caspase-3 staining) only in the GFP − compartment (Fig. 7b) . These results identify a 'preferential' requirement of autophagy in maintaining the cellularity and survival of activated T reg cells.
Published reports highlight that activated eT reg cells differentiate from the quiescent cT reg population in response to environmental cues 3, 4 . Autophagy activity was upregulated in eT reg cells, as revealed by a significantly higher proportion of GFP-LC3 + puncta in eT reg than in cT reg cells (Fig. 7c) . In Foxp3 Cre Atg7 fl/fl mice, the eT reg population was modestly underrepresented in T reg cells (Fig. 7d) , but this defect was more pronounced in the competitive environment created in mixed BM chimeras (Fig. 7e) , indicating a cell-autonomous requirement for Atg7 in this process. Moreover, eT reg cells in Foxp3 Cre Atg7 fl/fl mice showed stronger upregulation of apoptosis than did cT reg cells (Fig. 7f) . In line with this, eT reg cells had a higher basal level of mTORC1 activity, as determined by S6 phosphorylation, and Atg7 deficiency augmented mTORC1 activity to a greater degree in eT reg cells (Fig. 7g) . Thus, autophagy functions in both T reg cell subsets, but eT reg cells are more sensitive to autophagy deficiency, in agreement with their more activated state and elevated mTORC1 activity (Supplementary Fig. 7 ).
DISCUSSION
A salient feature of autoreactive T reg cells is the dynamic programming of their activation states in response to environmental and immune signals. How T reg cells maintain survival fitness and lineage stability in activating environments is poorly understood. Here we show that autophagy is dynamically regulated in T reg cells, and deletion of Atg7 or Atg5 specifically in T reg cells increases apoptosis and impairs lineage stability. We further reveal an inhibitory effect of autophagy on mTORC1 that contributes to the survival and stability of T reg cells. Aberrant mTORC1 elevates c-Myc expression and glycolytic metabolism in autophagy-deficient T reg cells, and pharmacological blocking of excessive mTORC1, c-Myc or glycolytic activities restores, at least in part, the impaired stability of autophagy-deficient T reg cells. Our studies therefore establish autophagy as a crucial regulator of T reg functional integrity and identify a key role for autophagy in restraining mTORC1 and c-Myc function and glycolytic metabolism.
Homeostatic stimuli and environmental cues drive the continuous activation and progressive functional maturation of T reg cells 2 . However, after activation in vivo and in vitro, a proportion of T reg cells lose Foxp3 expression and lineage stability 22, 23 . One remaining question is how T reg cells retain survival fitness and functional integrity in activating contexts. Our studies identify an important role for autophagy in this process. T reg cells show higher autophagy activity than naive T cells, and they further upregulate autophagy in the activated eT reg subset. The exact stimuli that induce autophagy in T reg cells remain to be identified. Autophagy deficiency has a more pronounced effect on activated than resting T reg cell maintenance in the periphery under steady state and at sites of inflammation, including tumor microenvironment and colon lamina propria. Moreover, Atg7-deficient T reg cells readily lose Foxp3 expression after extensive proliferation in Rag1 −/− mice or after TCR stimulation in vitro. These results identify a mechanism that functions 'preferentially' in activated T reg cells to protect their survival fitness and lineage stability. mTORC1 signaling is widely recognized as a negative regulator of autophagy. Specifically, in a nutrient-replete environment, activation of mTORC1 inhibits autophagy; downregulation of mTORC1 activity under nutrient deprivation facilitates the induction of autophagy [12] [13] [14] . However, prolonged starvation can result in autophagy-dependent reactivation of mTORC1 via degradation of autolysosomal products 39 . Unexpectedly, we found that autophagy has an important role in restricting mTORC1 activation in T reg cells activated by TCR and other stimuli. Of note, mTORC1 is a crucial regulator in T reg cells, and up-or downregulation of mTORC1 disrupts T reg cell suppressive functions 40, 41 . Our in vivo rapamycin experiment highlights the impacts of mTORC1 dysregulation on the stability and survival of T reg cells and transcriptional programs controlled by Atg7. As for the biochemical mechanism by which autophagy regulates mTORC1 signaling, one possibility is that autophagy targets selective TCR signaling components or mTORC1 upstream regulators for degradation to modulate the strength of mTORC1 signaling. For example, autophagy was shown to affect signaling between TCR and the transcription factor NF-κB in effector T cells via selective degradation of Bcl-10 (ref. 42) . In support of this idea, the abundance of PI(3)K components and PDK1 is increased in the absence of autophagy, and pharmacological inhibition of PI(3)K or PDK1 blocks mTORC1 hyperactivation in Atg7-deficient T reg cells. Future studies are warranted to explore the biochemical pathway by which autophagy modulates the activity of PI(3)K and PDK1 signaling.
T cell survival, proliferation and function require dynamic reprogramming of cellular metabolism 20 , and glycolytic capacity and reserve are severely impaired in T reg cells generated in vitro, compared with type 1 helper T (T H 1) and T H 17 cells 30 . How glycolytic activity is restrained in T reg cells remains poorly defined, and our results identify a crucial inhibitory effect of autophagy on T reg cell glycolysis. Notably, pharmacological blocking of glycolytic metabolism or c-Myc function partly restored stability of Atg7-deficient T reg cells, which highlights the functional contribution of dysregulated metabolism in this process. Published studies have described a role for the phosphatase PTEN in the regulation of T cell glycolysis in T reg cells 43, 44 . However, PTEN mainly restricts the activity of mTORC2, not mTORC1, in T reg cells and acts to control T H 1 and follicular helper T (T FH ) cell responses 43, 44 . In contrast, Atg7-deficient T reg cells showed dysregulated mTORC1-c-Myc signaling and were 'selectively' defective in controlling T H 1 cell response without affecting T FH cell responses (our unpublished observations), suggesting that T reg cells employ discrete mechanisms to establish their metabolic programs. Notably, whereas our study shows a negative role for glycolysis in the maintenance of T reg cell stability, a published study found that induction of T reg cells from human conventional T cells is dependent on glycolysis 45 , which highlights the context-dependent function of glycolysis in T reg cell biology.
In summary, our study reveals the interplay between autophagy and metabolic programming as a mechanism to enforce T reg cell functional integrity in response to immune signals. Autophagy acts as a negative regulator of mTORC1 and c-Myc function and glycolytic metabolism to maintain metabolic balance in activated T reg cells. The identification of autophagy as a central, signal-dependent quality-control mechanism in T reg cells provides opportunities for therapeutic intervention in autoimmune diseases and cancer. From this perspective, by strengthening tumor-associated immune responses, T reg cell autophagy could be targeted in combination with strategies that block autophagy in tumor cells for added benefits in cancer therapy 13 . 
METHODS
Methods
